Abstract: In this letter, the phase compensation method is proposed to remove the phase error in Pi-SAR-X2 POLSAR data. In August and October 2013, Pi-SAR-X2 observations were carried out. In a part of VH and VV observation data, the undesired phase pattern appeared. This phase error was caused by the mismatch between the flight navigation data and polarimetric raw data. The compensation method based on the reciprocity principle is considered. The experimental results show the usefulness of the proposed method and it is shown that the undesired phase pattern is clearly removed in the compensated data. Keywords: polarimetry, SAR, phase compensation, reciprocity Classification: Sensing
Introduction
Japanese airborne and satellite borne polarimetric synthetic aperture radars (POLSARs) provided valuable information to Japanese scientific and engineering communities [1, 2] . A variety of researches such as radar polarimetry, interferometry and polarimetric SAR interferometry (PolInSAR) have been carried out [3, 4] . Recently, these airborne POLSARs were changed to be second-generation type sensors and enhanced the resolution and image quality by placing the L-Band and the X-Band POLSAR sensors on separate platforms with PiSAR-L2 being operated and maintained by Japan Aerospace Exploration Agency (JAXA)-Earth Observation Research Center (EORC) [5] and the Pi-SAR-X2 by National Institute of Information and Communications Technology (NICT) [6] . Then, it is possible to estimate the polarimetric information of areas as small as 0.3 meters square in case of Pi-SAR-X2. Utilizing horizontal (H) and vertical (V) polarized waves both in transmission and reception, POLSAR data consist of four complex polarimetric scattering coefficients (HH, HV, VH and VV) containing both amplitude and phase information. It is expected that the polarimetric data observed by the new airborne POLSARs are applied to the monitoring of disaster and agriculture, land cover classification and the development of POLSAR/PolInSAR technologies. The NICT's Pi-SAR-X2, a follow on sensor of the Pi-SAR(X), is an airborne type POLSAR capable of polarimetry and interferometry observations simultaneously. Its resolution improvement is achieved to be four times (0.3 m) compared to that of the original Pi-SAR(X). In order to promote the utilization of Pi-SAR-X2 in the Japanese SAR community, NICT issued a research announcement of Pi-SAR-X2 in 2013 and its observations at requests of the principal investigators were carried out in August and October, 2013. However, in a part of the VH and VV observation data, an undesired phase pattern appeared. Thus, we had worked on the data set to remove the phase error based on a distortion model of POLSAR systems and the property of reciprocity [7] , so that we could make use of those image data set for polarimetric data analysis [8] . Later it was found out that this problem had been caused by a mismatch between the flight navigation data and observation data in making level-0 data, which is a basic data-set for SAR image processing. This phase error affects the VH and VV images throughout, because of the nature of SAR image processing. In this letter, the phase error is explained by using the distortion model of POLSAR systems and related to the mismatch on SAR image processing; then a compensation method for this phase error is introduced. It is shown that the undesired phase pattern is clearly removed in the compensated data.
POLSAR system model
A distortion model of POLSAR system is shown in Fig. 1 . This system is composed of H and V polarization components for transmission and reception.
As shown in Fig. 1 , the four traveling paths of the wave are considered by ignoring the cross-talks between H and V components. It is assumed that the radar wave suffers a distortion with respect to amplitude and phase in propagating through each path. The four distortions are expressed as
where subscripts (H and V) denote polarization states and the superscripts (Tr: and Rec:) denote transmitted and received waves, respectively. By using Eq. (1), the elements of measured scattering matrix Z which are related to those of the true scattering matrix S are given as follows
H S HH A Tr:
H S HV A Tr:
ð2c,dÞ where the subscript of Z pq and S pq represents the receiving (p) and transmitting (q) polarizations of the radar. (It should be noted that Pi-SAR-X2 data available to users takes the opposite notation as M pq represents the transmitting (p) and receiving (q) polarizations.) In August and October, 2013, the undesired phase pattern occurred in some of VH and VV images of Pi-SAR-X2 multi-look ground range polarimetry (MGP) data. In the MGP data, each phase information is expressed as the phase difference from that of HH (HH-basis). (The MGP data is produced from the single-look slant range complex (SSC) data [1] . Since the SSC data is not suited for polarimetric analysis [9], we use the MGP data in this letter.) As the phase error of VH and VV (HH-basis) can be related to a channel imbalance of receiving system, we assumed that the undesired phase patterns came from the additional phase distortions in traveling path-3 and path-4 in Fig. 1 and developed the compensation method [8] (explained in the section 3). Later, we found that the software to make level-0 data had misidentified a time code of the receiving time.
Since Pi-SAR-X2 transmits H and V polarization waves at different times (alternatively) and the scattered waves from the target are received in H and V channels at the same time (as shown in Fig. 1 ), this misidentifying makes the receiving paths (both H and V) incorrect in the level-0 data as we assumed. As a result, the SAR processor incorrectly calculated a propagation length from target to radar, to make the phase error. Incorporated with the mismatch (phase error) factor, the distortion of path-m (m ¼ 3; 4; receiving wave) can be expressed before and after SAR processing as Before SAR processing:
Ã at the nth pulse; ð3a,bÞ After SAR processing:
H;mismatch ðx; yÞ
V;mismatch ðx; yÞ pol:;n mismatch denotes the phase distortion at nth pulse whenever the mismatch occurs and Rec: pol:;mismatch ðx; yÞ is the phase distortion which spreads in the SAR image of the pixel ðx; yÞ. Since a phase compensation method needs to be considered in POLSAR image domain, Eq. (4) should be used instead of Eq. (3). The elements of Pi-SAR-X2's measured scattering matrix are then re-normalized by A H Rec: A H Tr: (HH-basis), so that Eq. (2) is re-written as follows:
,b,c,dÞ
V;mismatch ðx; yÞ À
Rec:
where
H , f 1 ;mismatch ðx; yÞ ¼
H;mismatch ðx; yÞ. f 1 and f 2 are the receiving and transmitting channel imbalances between H and V polarizations. Since Rec: pol:;mismatch ðx; yÞ is only considered in f 1 , it is expected that the undesired phase pattern appears in Z VH and Z VV . That corresponds to what occurred in the actual Pi-SAR-X2 data.
Phase compensation method
The elements Z VH and Z VV of Pi-SAR-X2's measured scattering matrix contain phase errors, in addition to phase of the target (as shown in Eqs. (5) and (6)). A compensation method for the phase error is considered by using a property of the reciprocity principle [7] . Since a typical POLSAR sensor is a monostatic radar, S HV (¼ jS HV j expðj HV Þ) corresponds to S VH (¼ jS VH j expðj VH Þ) because of the reciprocity. Although the Pi-SAR-X2 uses separate two antennas for H and V [6] , the reciprocity holds by neglecting bi-static radar returns from heterogeneous anisotropic layered media. Then, complex conjugate of Z VH and Z HV yields:
in which the phase information of target is removed and we can obtain the phase errors caused by the mismatch with phase distortions for transmission and reception ð f 2 À f 1 À f 1 ;mismatch ðx; yÞÞ. In order to remove the phase error from VH and VV data, exp½jð f 2 À f 1 À f 1 ;mismatch ðx; yÞÞ obtained in Eq. (7) can be multiplied to Eqs. (5c) and (5d), giving:
Thus, the phase error f 1 ;mismatch ðx; yÞ depending on pixel is removed from the measured scattering matrix. (Normally, the phase imbalance among polarimetric channels is compensated in a stage of polarimetric calibration (POLCAL). Since POLCAL methods [10, 11] determine one set of calibration parameters (channel imbalances and the cross-talks) for the whole scene, they are not suited to compensate pixel based phase error in the case.) After the phase error is removed, the other polarimetric distortion parameters (f 1 and f 2 ), which are constant parameters in the scene, can be estimated with a corner reflector and the natural distributed area in the POLSAR scene according to the Quegan's method [10].
Experimental results
On 28 August, 2013, an area around Ikarashi (a coast area) in Niigata, Japan was observed by Pi-SAR-X2. A center frequency of Pi-SAR-X2 is 9.55 GHz and its bandwidth is 500 MHz. The resolutions in slant range and azimuth directions are 0.3 m. Fig. 2(a) shows a Pauli image of the area which is transformed from MGP format data. This image is assigned to the RGB colors with respect to jZ HH À Z VV j, jðZ HV þ Z VH Þ=2j and jZ HH þ Z VV j and its size is 3:0 km Â 3:0 km (12000 Â 12000 pixels, pixel size: 0:25 m Â 0:25 m). A color variation along the azimuth direction is confirmed. The reason of this color change is the phase error caused by the mismatch. Fig. 2(b) and (c) show the phase images of Z VH and Z VV , and the undesired phase pattern is confirmed (the phase is assigned from purple (À) to red (π)). As the red, green and blue of the Pauli image are related to the double bounce scattering, volume scattering, and surface scattering components, the POLSAR data of Fig. 2(a) with the phase error cannot be used for polarimetric data analysis. For the image data, the phase error estimated by Eq. (7) as shown in Fig. 3(a) . This phase pattern is similar to those of Fig. 2(b) and (c), and the phase variation related to the target is not recognized except for low signal to noise regions such as river, sea and bare areas. It means that the phase pattern of Fig. 3(a) can be regarded as the phase distortion caused by the mismatch. By using this phase, a compensated data set based on Eq. (8) was made, as the Pauli image shown in Fig. 3(b) . In the compensated image, the polarimetric calibration had been also applied with f 1 and f 2 estimated for this image data with corner reflectors and the natural distributed area in the scene [10] . (f 1 and f 2 are so close to unity as negligible, though.) The color variation due to the undesired phase pattern is disappeared. It is confirmed that we can use this compensated data set for polarimetric data analysis.
Conclusion
In this letter, the phase compensation method was proposed to remove the phase error in Pi-SAR-X2 POLSAR data. The mechanism causing the phase error was considered by implementation of the distortion model for POLSAR systems and the compensation method based on the reciprocity was derived. The phase error was caused by misidentifying a time code in the SAR software, to make mismatch between the flight navigation data and observation data. The assumed distortion model was appropriate to express the phase error. The experimental results showed the usefulness of the proposed method and it was shown that the undesired phase pattern was clearly removed in the compensated image data. It should be mentioned that the software problem in the Pi-SAR-X2's SAR processor has been corrected and no longer affects the Pi-SAR-X2 products. Although that problem initiated the compensation method, we believe it can be applied to the similar problems that could happen in other POLSAR products. The distortion model and the compensation method proposed can deal with POLSAR hardware problem that affects a phase on either HV or VH (while the other is good). It likely happens in POLSAR systems consisting of two receivers (as shown in Fig. 1 ).
